Background: Physiological signals that negatively regulate CYP450s are not well understood. Results: Loss of Abcb6 in mice results in suppression of CYP450 activity. Conclusion: Suppression of P450 activity in Abcb6 deficiency may result from altered endogenous metabolites involved in maintaining homeostasis. Significance: Understanding metabolite alterations in Abcb6 deficiency should help understand the physiological signals and the mechanisms involved in negative regulation of P450s.
Although endogenous mechanisms that negatively regulate cytochrome P450 (P450) monooxygenases in response to physiological and pathophysiological signals are not well understood, they are thought to result from alterations in the level of endogenous metabolites, involved in maintaining homeostasis. Here we show that homeostatic changes in hepatic metabolite profile in Abcb6 (mitochondrial ATP-binding cassette transporter B6) deficiency results in suppression of a specific subset of hepatic P450 activity. Abcb6 null mice are more susceptible to pentobarbital-induced sleep and zoxazolamine-induced paralysis, secondary to decreased expression and activity of Cyp3a11 and Cyp2b10. The knock-out mice also show decrease in both basal and xeno-inducible expression and activity of a subset of hepatic P450s that appear to be related to changes in hepatic metabolite profile. These data, together with the observation that liver extracts from Abcb6-deficient mice suppress P450 expression in human primary hepatocytes, suggest that this mouse model may provide an opportunity to understand the physiological signals and the mechanisms involved in negative regulation of P450s.
The cytochrome P450s constitute a superfamily of monooxygenases that play key roles in the biotransformation of endogenous and exogenous compounds (1) (2) (3) (4) . Modification of P450 enzymatic activity by inhibition, induction, or activation is linked to altered biological activity of endogenous substrates and therapeutic drugs, resulting in human diseases and harmful drug-drug interactions (4 -6) . Many CYP genes are inducible in response to a variety of chemical signals, and considerable insight has been gained into the molecular mechanisms that regulate the transcriptional induction of P450s (5, (7) (8) (9) . Evidence suggests that CYP expression can also be decreased in response to physiological and pathophysiological signals (10 -12) . However, compared with our knowledge of P450 induction, our understanding of the fundamental mechanisms involved in P450 suppression is still incomplete.
ABCB6 (the ATP-binding cassette transporter B6) belongs to a superfamily of integral membrane proteins that play important roles in many cellular processes and in the therapeutic response to medications (13) (14) (15) (16) . ABCB6 was initially characterized as a mitochondrial transporter capable of regulating porphyrin synthesis (17) . However, recent studies suggest that loss of Abcb6 expression in mice does not affect basal porphyrin synthesis (18) . Consistent with this observation, in humans, loss of function mutations in the ABCB6 gene results in a variety of complex human diseases whose pathogenesis is independent of porphyrin synthesis (19 -23) . Thus, the physiological role of Abcb6 in vivo remains elusive.
Here we show that Abcb6 deficiency suppresses CYP450 expression in mice and human hepatocytes. We report that ablation of Abcb6 reprograms hepatic metabolite profile that negatively regulates hepatic CYP expression, probably as a homeostatic response to promote survival.
EXPERIMENTAL PROCEDURES
Chemicals-All reagents were purchased from Sigma-Aldrich unless stated otherwise.
Abcb6 Null Mice-Abcb6 knock-out mice were generated on C57BL6/N background using ES cells developed by the trans-NIH Knock-Out Mouse Project. The ablation cassette (velocigene cassette [bacterial ␤-galactosidase-polyadenylation signal-loxP (locus of X over P1) site-human ubiquitin C gene , and Abcb6 Ϫ/Ϫ mice liver tissues as described (28) . Briefly, 0.3-0.5 g of liver tissue was homogenized in homogenization buffer (0.154 M KCl, 0.25 M sucrose in 0.05 M phosphate buffer, pH 7.5) and centrifuged at 17,000 ϫ g for 30 min at 4°C. The supernatant was subjected to centrifugation at 100,000 ϫ g for 90 min at 4°C. The resulting microsomal pellet was resuspended in resuspension buffer (20% glycerol in 0.1 M phosphate buffer pH 7.5). Microsomal protein concentrations were determined using the Bio-Rad protein assay reagent. Microsomes were stored at Ϫ80°C until used for Western blot analysis and/or P450 activity assays.
Immunoblotting-Western blot analysis of mitochondrial and microsomal proteins was carried out as previously described (28, 29) . Polyclonal primary antibodies were used to detect P450 oxidoreductase (catalog no. ab13513; Abcam, Cambridge, MA); Cyp2e1 (catalog no. ab19140; Abcam) Cyp2b10 (catalog no. AB9916; Millipore, Billerica, MA), Gapdh (catalog no. 2118; Cell Signaling, Danvers, MA), Abcb6 (21) , and Cyp3a and Cyp1a (kind gift from Dr. Xiaochao Ma, School of Pharmacy, University of Pittsburgh, PA). Immunoreactive proteins were detected using polyclonal goat anti-rabbit horseradish peroxidase IgG secondary antibodies (Thermo Scientific, Waltham, MA) and visualized using Supersignal TM chemiluminescent horseradish peroxidase substrate (Thermo Scientific). Densitometric analysis was performed using ImageJ analysis software (National Institutes of Health).
RNA Isolation, Reverse Transcription, and Real Time PCR Analysis-RNA isolation from liver tissue was done using TRIzol reagent (Invitrogen). 1 g of RNA was used for reverse complementation using iScript TM cDNA synthesis kit, following the manufacturer's protocol (Bio-Rad). Real time PCR was performed using the CFX384 TM real time PCR system (BioRad), as described previously by using primer sets specific for the mouse genes (29) .
Microarray Analysis-Microarray and Microarray data analysis was performed as described previously (30) .
Mass Spectrometry-based P450 Assay-The CYP activities, Cyp3a11 (midazolam to hydroxymidazolam), Cyp2b6 (bupropion to hydroxybupropion), Cyp2e1 (chlorzoxazone to hydroxychlorzoxazone), and Cyp1a2 (melatonin to hydroxymelatonin), were determined in microsomes isolated from mouse liver, using probe substrate metabolism assays as described (28) . Briefly, the incubation reaction consisted of 3 M midazolam, 5 M chlorozoxazone, 50 M bupropion, or 30 M melatonin with 0.03 mg of mouse liver microsomes, in a final volume of 200 l of 1ϫ phosphate-buffered saline (pH 7.4). Following 5 min of preincubation at 37°C, the reaction was initiated by adding NADPH (final concentration, 1.0 mM) and incubated for an additional 10 min for midazolam, 15 min for chlorozoxazone, 15 min for melatonin, and 20 min for bupropion, with shaking at 37°C. Incubations were terminated by adding 200 l of ice-cold acetonitrile, and the incubation reaction was centrifuged at 18,000 ϫ g for 10 min. Supernatants from the centrifugation were transferred to an auto sampler vial, and 5 l was injected into the ultra performance liquid chromatography-quadrupole time of flight mass spectrometry (UPLC-QTOFMS; SYNAPT-G1 Waters, Milford, MA) 3 system for metabolite analysis. Heme Measurement-Heme measurement was done using liver tissue from Abcb6
ϩ/Ϫ , and Abcb6 Ϫ/Ϫ mice as described (26) . Briefly, 25 mg of liver tissue was homogenized in 100 l of 1ϫ phosphate-buffered saline, pH 7.4. Heme extraction was performed using 2ϫ volumes of ethyl acetate and acetic acid mixture (4:1). The sample was vortexed briefly and centrifuged at 20,000 ϫ g for 5 min. Each supernatant was diluted 5ϫ with 50% acetonitrile and transferred to an auto sampler vial, of which 5 l was injected into the UPLC-QTOFMS system for heme analysis.
UPLC-QTOFMS Analysis-UPLC-QTOFMS analyses were performed as described previously (31) . Briefly, a 100 mm ϫ 2.1 mm (Acquity 1.7 m) UPLC BEH C-18 column (Waters) was used to separate metabolites. The flow rate of the mobile phase was 0.3 ml⅐min Ϫ1 , with a gradient ranging from 2 to 98% aqueous acetonitrile, containing 0.1% formic acid in a 10-min run. QTOFMS was operated in a positive mode with electrospray ionization. The source temperature and desolvation temperature were set at 120 and 350°C, respectively. Nitrogen was applied as the cone gas (10 liter⅐h Ϫ1 ) and desolvation gas (700 liter⅐h Ϫ1 ), and argon as the collision gas. QTOFMS was calibrated with sodium formate and monitored by the intermittent injection of lock mass leucine enkephalin, in real time, generating a reference ion at m/z 556.2771. The capillary voltage and cone voltage were set at 3.5 kV and 35 V in positive ion mode. Mass chromatograms and mass spectra were acquired by MassLynx software (Waters) in centroid format from m/z 50 to 1000. Identification of major metabolites was performed using MakerLynx software (Waters), based on accurate mass measurement (mass errors less than 10 ppm). All incubations were performed in duplicate.
Pentobarbital-induced Sleeping Time-Pentobarbital-induced sedation of Abcb6 ϩ/ϩ and Abcb6 Ϫ/Ϫ mice was determined, after animals were injected with a single intraperitoneal dose of sodium pentobarbital (40 mg⅐kg Ϫ1 body weight) in corn oil. Sleep latency was determined by measuring the duration of time it took for the animals to completely lose their righting reflex, following pentobarbital injection. Sedation was determined by measuring the duration of sleep time, defined as the period from the moment of complete loss of righting reflex to the time the animals regained their reflexes.
Zoxazolamine-induced Paralysis-Zoxazolamine-induced paralysis of Abcb6 ϩ/ϩ and Abcb6 Ϫ/Ϫ mice was determined after animals were injected with a single intraperitoneal dose of zoxazolamine (300 mg⅐kg Ϫ1 ) in corn oil. Mice were then placed on their backs. Paralysis time was determined by measuring the duration of inactivity, defined as the period of time from the moment of complete loss of reflex to the time the animals regained enough consciousness to right themselves. In experiments where TCPOBOP was used to induce Cyp2b10 expression, mice were given a single intraperitoneal dose of TCPOBOP (3 mg⅐kg Ϫ1 ) in corn oil or corn oil alone. All animals received intraperitoneal zoxazolamine (425 mg⅐kg Ϫ1 ) in corn oil 24 h following TCPOBOP treatment. Paralysis time was measured as described above.
Hemin Treatment Mice-All hemin solutions were freshly prepared as described (32) . Briefly, hemin (Sigma-Aldrich) was dissolved together with Trizma base in 0.1 M NaOH solution and diluted in saline. Next, pH 11-12 of the hemin solution was adjusted to pH 8 with HCl. The solution was then filter sterilized, protected from light, and directly used. The dose and frequency of hemin administration to mice, were based on previous reports (33) , and our own preliminary studies, which demonstrated that 5 mg⅐kg Ϫ1 heme, given intraperitoneally every 12 h for 3 days, increased hepatic heme levels and induced HO activity, with no evidence of liver toxicity. The main study included three mice per group (Abcb6 ϩ/ϩ and Abcb6 Ϫ/Ϫ ) per experiment, which were treated with either vehicle alone or hemin (1.25, 2.5, or 5 mg⅐kg Ϫ1 ), administered intraperitoneally once every 12 h for 3 days. At the end of treatment, mice were sacrificed, and livers were harvested and frozen in liquid nitrogen, for subsequent biochemical analysis and RNA preparation.
P450 Promoter-LUC Reporter Assays in HepG2 Cells-Promoter-reporter luciferase activity assays were performed as previously described (29) . Briefly, HepG2 cells at ϳ60% confluency were transfected with either Ϫ/Ϫ liver extract. The relative activity of the promoter constructs was determined, after subtraction of the values obtained for the corresponding luciferase control vectors, and the results were expressed in relative terms. All experiments were performed at least three times, with a minimum of four replicates per experiment.
Preparation of Mouse Liver Extracts-Metabolite extraction from liver samples was done as described (36) . Briefly, 100 mg of liver tissue was ground and suspended in 4 ml of a 1:1 water/ methanol mixture. The homogenate was cooled on ice, and precipitated material was removed by centrifugation at 20,000 ϫ g for 15 min. The supernatant was removed and evaporated in a SpeedVac (Labconco Inc., Kansas City, MO). The residue was resuspended in 300 l of water/methanol (1:1), filtered through a 0.2 m ultracentrifuge filter (Millipore), and used for cell treatment.
mRNA Stability Assay-In these studies, HepG2 cells grown to subconfluence were treated with actinomycin D (Sigma), at a final concentration of 2.5 M, to arrest de novo RNA synthesis. To determine the half-life of P450 transcript, actinomycin D-treated cells were harvested at 0, 2, 4, 6, 8, 16, 20, and 24 h, and P450 mRNA was quantified by RT-PCR as described above. GAPDH mRNA levels were also monitored as controls. In experiments designed to determine the effect of Abcb6 ϩ/ϩ and Abcb6 Ϫ/Ϫ mouse liver extract on P450 mRNA stability, cells were pretreated with actinomycin D (2.5 M) for 4 h before exposing them to either Abcb6 ϩ/ϩ or Abcb6 Ϫ/Ϫ liver extract. The cells were cultured in the presence of liver extract for 16 h before harvesting the cells for mRNA analysis. Throughout the liver extract treatment period, the cells were exposed to actinomycin D to prevent transcription of nascent mRNA. Total RNA isolation and RT-PCR of analysis of transcripts following actinomycin D and liver extract treatment were performed as described above.
Statistical Analysis-Statistical analysis of the observed values was performed using the Student's t test. All calculations were performed with SPSS statistical software package (SPSS Inc., Chicago, IL). All values are expressed as either means Ϯ S.D. or Ϯ S.E. Significant differences between the groups were determined with SPSS 10.0 software (SPSS Inc.). A difference was considered significant at the p Ͻ 0.05 level.
RESULTS
Abcb6 Knock-out Mice Show Pleiotropic Phenotype-To disrupt the Abcb6 gene, the region extending from exons 3 to 5 of Abcb6 was replaced with a neomycin-containing cassette by homologous recombination (Fig. 1a) . We confirmed successful ablation, by the virtual loss of Abcb6 gene (Fig. 1, b and c) and protein expression (Fig. 1d) . Elimination of Abcb6 in mice resulted in a pleiotropic phenotype. Pups lacking Abcb6 show a non-Mendelian inheritance, with nearly 40% fewer mice of the Abcb6 Ϫ/Ϫ genotype than expected (Fig. 1g) . Interestingly, we also observed relatively small Abcb6 Ϫ/Ϫ mice among the littermates that escaped embryonic lethality ( Fig. 1h ; frequency of ϳ20%). The remaining Abcb6 Ϫ/Ϫ mice that escaped both embryonic lethality and short stature appeared normal without any observable gross phenotype.
Abcb6 has been suggested to play a role in porphyrin synthesis (17) . Thus, the significance of Abcb6 expression to hepatic heme synthesis was evaluated in Abcb6 Ϫ/Ϫ mice. As shown in Fig. 1e , hepatic heme levels decreased in Abcb6 ϩ/Ϫ and Abcb6 Ϫ/Ϫ mice, in a manner that was consistent with a gene dose effect. However, the values did not reach statistical significance. Further, we did not see any compensatory changes in the hepatic heme synthetic pathway enzymes in Abcb6 Ϫ/Ϫ mice (Fig. 1f) . These results suggest that although Abcb6 is capable of transporting heme precursors into the mitochondria (18, 27) and plays a role in regulating porphyrin synthesis in vitro (17, 18, 26) , Abcb6 deficiency in vivo does not have a significant impact on basal hepatic porphyrin or heme levels. These findings are consistent with recent reports that demonstrate a lack of functional association between Abcb6 and basal porphyrin synthesis in erythroid cells in vivo (18) .
Abcb6 Knock-out Mice Demonstrate Altered Xenobiotic Response-During the course of a surgical procedure, we observed that the Abcb6 Ϫ/Ϫ mice (which appeared normal) given pentobarbital as an anesthetic were more susceptible to pentobarbital-induced sleep compared with Abcb6 ϩ/ϩ mice. To confirm this further, we repeated the pentobarbital-induced sleep experiment in the absence of any surgical procedure. After a single dose of pentobarbital (40 mg/kg), Abcb6 Ϫ/Ϫ mice demonstrated significantly increased sleeping time (Fig. 2a , right panel) compared with Abcb6 ϩ/ϩ mice, despite both groups showing similar sleep latency (Fig. 2a, left panel) .
Increased susceptibility of Abcb6 Ϫ/Ϫ mice to pentobarbital could occur, if Abcb6 Ϫ/Ϫ mice were sensitive to anesthetics in general. To test this, we repeated the sleep experiment, substituting isoflurane in place of pentobarbital. Following exposure to isoflurane, all mice in the Abcb6 ϩ/ϩ and Abcb6 Ϫ/Ϫ groups had similar sleep latency (Fig. 2b , left panel) and similar sleeping time (Fig. 2b, right panel) . These results suggest that loss of Abcb6 expression in vivo does not affect the general anesthetic response but has a profound consequence on the sedative effect of pentobarbital.
The length of sedation following treatment with pentobarbital, is directly proportional to hepatic metabolism and/or hepatic clearance of the parent compound (37) . Given that Abcb6 is a transporter, increased sensitivity of Abcb6 Ϫ/Ϫ mice to pentobarbital could result from increased accumulation of the parent compound in the absence of Abcb6. However, such a hypothesis would require pentobarbital to be a transport substrate of Abcb6. To test this hypothesis, we measured Abcb6 -mediated pentobarbital transport using (a) mitochondria isolated from Abcb6 ϩ/ϩ and Abcb6 Ϫ/Ϫ mouse liver and (b) liposomes reconstituted with either a transport-competent Abcb6 (Abcb6-WT) or a transport-incompetent Abcb6 (Abcb6-MT). As shown in Fig. 2c , we found no difference in energy-dependent pentobarbital transport kinetics between Abcb6 ϩ/ϩ and Abcb6 Ϫ/Ϫ mitochondria (Fig. 2c, left panel) or liposomes (Fig.  2c, right panel) . These results suggest that pentobarbital is not a transport substrate of Abcb6.
Decreased P450 Activity in Abcb6 Knock-out Mice-Pentobarbital is a classic CYP substrate and is metabolized to an inactive compound by hepatic CYP enzyme activity, predominantly by Cyp3a11 (37) . Thus, increased sensitivity of Abcb6 Ϫ/Ϫ mice to pentobarbital could also result from altered Cyp3a11 activity. To test this, we measured Cyp3a11 activity in Abcb6 Ϫ/Ϫ liver microsomes, by measuring the biotransformation of midazolam, a commonly used in vitro probe for the prediction of Cyp3a11 activity (38) . As shown in Fig. 2d , Abcb6 Ϫ/Ϫ liver microsomes showed significant decrease in midazolam biotransformation, suggesting decreased Cyp3a11 activity in Abcb6 Ϫ/Ϫ mice. We next evaluated whether the altered P450 activity in Abcb6 deficiency was specific to Cyp3a11. In addition to Cyp3a, mammalian hepatic CYPs involved in the metabolism of endogenous compounds and xenobiotics include members of the Cyp1a, Cyp2a, Cyp2b, Cyp2c, Cyp2d, and Cyp2e subfamilies (9, 10) . Among these, Cyp3a, Cyp2e, Cyp2b, and Cyp1a forms account for majority of liver microsomal total CYP content and activity (39, 40) . Thus, to understand the extent of change in P450 activity in Abcb6 Ϫ/Ϫ mice, we measured the biotransformation of melatonin, bupropion, and chlorozoxazone, commonly used in vitro probes for predicting Cyp1a2, Cyp2b10, and Cyp2e1 activities, respectively (41-44). Interest- . e, HPLC analysis of hepatic heme levels. Mean Ϯ S.E. data from three independent measurements are shown. Heme concentration was calculated from a heme standard curve. f, expression of hepatic enzymes involved in heme synthesis as determined by real time RT-PCR in Abcb6 ϩ/ϩ (WT) and Abcb6 Ϫ/Ϫ (KO) mouse. Mean Ϯ S.E. data from three independent measurements are shown. g, Mendelian inheritance pattern of Abcb6 allele. h, representative photo of age-matched (6 weeks) and sex-matched (males) Abcb6 Ϫ/Ϫ short stature mice and mice with no gross abnormal phenotype presented alongside a ruler for reference. ALAS1, aminolevulinic acid synthase; ALAD, aminolevulinate dehydratase; UROS, uroporphyrinogen III synthase; UROD, uroporphyrinogen III decarboxylase; CPOX, coproporphyrinogen oxidase; FECH, ferrochelatase.
ingly, we found a significant decrease in the biotransformation of melatonin and bupropion but not chlorozoxazone in Abcb6 Ϫ/Ϫ liver microsomes (Fig. 2, e-g, respectively) . These results suggest that Abcb6 deficiency in mice modifies the activity of a specific set of hepatic P450s.
Results presented in Fig. 2d demonstrating significant decrease in Cyp2b10 activity in Abcb6 Ϫ/Ϫ mice prompted us to test whether Abcb6 Ϫ/Ϫ mice were more susceptible to zoxazolamine-induced paralysis. Zoxazolamine, a muscle relaxant, is inactivated by CYP enzyme activity with a preference for Cyp2b10 and like pentobarbital is traditionally used as an in vivo measure of altered P450 activity (45) . Therefore, the length of paralysis following treatment with zoxazolamine is indicative of Cyp2b10 activity. As shown in Table 1 , Abcb6 ϩ/ϩ mice treated with zoxazolamine recovered from paralysis no later than 6 h. In contrast, Abcb6 Ϫ/Ϫ mice were paralyzed for more than 12 h. As with pentobarbital, zoxazolamine did not appear to be a transport substrate of Abcb6 (data not shown). Taken together, results from the pentobarbital and the zoxazolamine studies suggest that loss of Abcb6 function modifies xenobiotic response in mice.
Absence of Abcb6 Suppresses Hepatic P450 TranscriptionStudies investigating the mechanisms responsible for variability in CYP function suggest a role for transcriptional gene activation/repression to be particularly important (9, 11, 40) . Given the lack of association between hepatic heme levels and loss of Abcb6 in Abcb6 Ϫ/Ϫ mice, we hypothesized that decreased CYP activity in Abcb6 Ϫ/Ϫ mice might be a result of decreased expression of CYPs. To test this hypothesis, we measured Cyp3a11, Cyp2b10, Cyp1a2, and Cyp2e1 expression in Abcb6 ϩ/ϩ and Abcb6 Ϫ/Ϫ mice liver. As presented in Fig. 3a , we found significant decrease in mRNA levels of Cyp3a11, Cyp2b10, and Cyp1a2 but not Cyp2e1 in Abcb6 Ϫ/Ϫ mice. Further, the decreased mRNA levels of Cyp2b10, Cyp3a11, and Cyp1a2 correlated well with the respective protein expression in Abcb6 ϩ/ϩ and Abcb6 Ϫ/Ϫ mice (Fig. 3b, left and right panels) . These results are consistent with the P450 activity assays described in Fig. 2d , suggesting that altered P450 activity in Abcb6 Ϫ/Ϫ mice is due to decreased expression of P450s.
The attenuation of Cyp3a11, Cyp2b10, and Cyp1a2 but not Cyp2e1 expression in Abcb6 deficiency suggests that Abcb6-mediated effect on hepatic P450 expression might not be identical. Of the 102 putatively functional full-length mouse P450 genes, nearly 40% of them (ϳ42 P450s) are expressed in liver (39, 40) . However, mechanisms regulating these hepatic P450 enzymes, their pattern, and the level of expression vary. Therefore, to gain a broad understanding and to evaluate the extent of alteration, in hepatic P450 expression in Abcb6 Ϫ/Ϫ mice, we performed a global hepatic microarray analysis (Fig. 3c) followed by a targeted P450 real time RT-PCR analysis, for the 42 P450s using gene specific primers (Fig. 3, d-f) . We found three different patterns of hepatic P450 expression in Abcb6 Ϫ/Ϫ mice; 10 of the 42 P450s analyzed showed a direct correlation with loss of Abcb6, in a manner that was consistent with allelespecific effects (gene dose effect; Fig. 3d) ; 17 of the 42 P450s showed a direct correlation with loss of both Abcb6 alleles, but no significant difference was seen with loss of a single allele (Abcb6 ϩ/ϩ versus Abcb6 Ϫ/Ϫ but not Abcb6 ϩ/ϩ versus Abcb6 ϩ/Ϫ mice; Fig. 3e ), whereas the remaining 12 P450s showed no association with Abcb6 genotype (Fig. 3f) . Together, these results suggest that loss of Abcb6 expression in mice modifies the expression of a specific subset of hepatic P450s.
Xeno-inducible Expression of CYP450 Is Compromised in Abcb6
Deficiency-In addition to basal expression, the extent to which xenobiotics can induce CYP enzyme expression is of pharmacological importance because in principle this activation will affect not only the metabolism of the specific xenobiotic but also the metabolism of any compound processed by cytochromes (46, 47) . Thus, to investigate the extent to which the inducible expression of CYPs is altered in Abcb6 deficiency, we assessed the expression and activity of Cyp3a11 and Cyp2b10, in response to prototypical rodent specific inducers of Cyp3a11 (pregnenolone 16 ␣-carbonitrile) and Cyp2b10 (1,4-bis[2-(3,5-dichloropyridyloxy)] benzene; TCPOBOP). As shown in Fig. 4 , the inducible mRNA expression of both Cyp3a11 (Fig. 4a) and Cyp2b10 (Fig. 4b) was attenuated in Abcb6 null mice. Further, consistent with decreased mRNA expression, Cyp2b10 protein expression, enzyme activity, and zoxazolamine sensitivity were altered in Abcb6 null mice (Fig.  4 , c-e, respectively). These results suggest that loss of Abcb6 expression modifies P450 xeno-regulation in vivo.
Decreased P450 Expression in Abcb6 Knock-out Mice Is Not Heme-dependent-Although hepatic heme concentration in the Abcb6
Ϫ/Ϫ mice was not statistically different from that of Abcb6 ϩ/ϩ mice (Fig. 1e) , the concentrations were lower in the Abcb6 Ϫ/Ϫ mice compared with Abcb6 ϩ/ϩ mice. Given that heme is an important molecule and is thought to regulate the expression of certain P450s (33, 48), we wanted to confirm that these minor decreases in hepatic heme levels in Abcb6 Ϫ/Ϫ mice were not responsible for the differential P450 phenotypes. To test this, we supplemented Abcb6 Ϫ/Ϫ mice with heme, as described under "Experimental Procedures," until the hepatic heme levels in the Abcb6 Ϫ/Ϫ matched the values that were seen in the Abcb6 ϩ/ϩ mice. Hematin at the concentration used in these studies did not show any hepatic or blood toxicity (Fig. 5b) but showed increased hepatic heme levels in Abcb6 Ϫ/Ϫ mice to approximately the same levels as seen in Abcb6 ϩ/ϩ mice (Fig.  5a) . Further, consistent with previous observations, Hemeoxygenase expression was induced in response to heme treatment (33, 49) (Fig. 5c, right panel) , whereas ALAS, the rate-limiting enzyme in heme synthesis that is negatively regulated by heme levels (33) was reduced (Fig. 5C, left panel) . Analysis of Cyp3a11, Cyp2b10, and Cyp1a2 expression in heme-supplemented Abcb6 Ϫ/Ϫ mouse livers continued to demonstrate decreased mRNA (Fig. 5d ) and protein expression (Fig. 5, e and  f) , suggesting that decreased P450 expression in Abcb6 Ϫ/Ϫ mice is not associated with heme availability. We also ruled out the possibility that P450 suppression in Abcb6 Ϫ/Ϫ mice was associated with liver injury, because Abcb6 Ϫ/Ϫ mice did not show any observable gross or histological alteration in liver (data not shown), nor did they demonstrate any increase in serum biomarkers of liver injury (data not shown).
ABCB6 Deficiency Suppresses P450 Expression in Human Hepatocytes-Considerable homology exists between many mouse and human P450s, and it is believed that the knowledge MARCH 20, 2015 • VOLUME 290 • NUMBER 12
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of mouse P450 expression and function can provide insight into P450 expression and function in humans (50) . Thus, to understand the association between loss of ABCB6 expression and the pattern of P450 expression in humans, we evaluated P450 expression in human hepatoma cells (Hep3B and Huh7) deficient in endogenous ABCB6. Loss of ABCB6 expression in these cells was achieved by knockdown of ABCB6 expression using shRNA as previously described (21) . Consistent with the mouse studies, loss of ABCB6 expression in the hepatomas resulted in a significant decrease in CYP1A2, CYP2B6, and CYP3A4 transcript but not CYP2E1 (Fig. 6, a and c) . Further, as in the mouse studies, loss of ABCB6 expression in the hepatomas did not alter cellular heme levels (Fig. 6, b and d) . These results suggest that P450 suppression in ABCB6 deficiency might be similar between mice and humans. 
ABCB6-dependent Regulation of CYP450
Liver Extracts from Abcb6 Knock-out Mice Suppress P450 Expression in Primary Human Hepatocytes-Suppression of CYP genes in vivo are thought to result from alterations in the level of endogenous metabolites involved in maintaining homeostasis that prevent transmission of activating signals, thus preventing transcription initiation (12) . Given that Abcb6 has been postulated to serve as a metabolic transmembrane transporter, we hypothesized that Abcb6 deficiency in vivo 
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might lead to alteration in the levels of critical hepatic metabolites that could lead to transcriptional repression. To test this hypothesis, we cultured immortalized cells (HepG2) and primary human hepatocytes in media supplemented with liver extracts derived from either Abcb6 ϩ/ϩ or Abcb6 Ϫ/Ϫ mice and measured P450 expression. We found that liver extracts from ؊/؊ mice supplemented with exogenous heme. a, hepatic heme levels in Abcb6 Ϫ/Ϫ mice given exogenous heme as described under "Experimental Procedures." b, exogenous heme supplementation in mice (at the concentration used in these studies) does not cause liver injury as measured by serum alanine aminotransferase levels. c, left panel, ALAS mRNA expression is negatively regulated following exogenous heme treatment in both Abcb6 ϩ/ϩ and Abcb6 Ϫ/Ϫ mice. Right panel, hemeoxygenase 1 (HO1) is induced in response to heme treatment in both Abcb6 ϩ/ϩ and Abcb6 Ϫ/Ϫ . d, mRNA expression of Cyp1a2, Cyp3a11, and Cyp2b10 continues to decrease in mice supplemented with exogenous heme. e and f, top panels, Cyp1a2 protein levels (e) and Cyp3a11 protein levels (f) continue to decrease in Abcb6 Ϫ/Ϫ mice supplemented with exogenous heme (data shown for 5 mg/kg heme). Bottom panels, ImageJ analysis of Cyp1a2 (e) and Cyp3a11 (f) protein bands normalized to Gapdh expression. In all panels, the data represent means Ϯ S.E. *, significant differences from untreated control mice; p Ͻ 0.01. #, significant differences from 1.25 mg/kg hemin-treated mice; p Ͻ 0.01. Results are representative of three independent experiments with three mice per treatment group per experiment.
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Ϫ/Ϫ mice, dose-dependently repressed CYP3A4, CYP2B6, and CYP1A2 expression both in HepG2 cells (Fig. 7a) and in primary human hepatocytes (Fig. 7b) . In contrast, no reduction in CYP expression was seen in hepatocytes supplemented with liver extracts from Abcb6 ϩ/ϩ mice. These results suggest that metabolite differences in Abcb6 Ϫ/Ϫ liver prevent transcriptional initiation of P450 gene or stability of the P450 transcript. A comprehensive metabolomics study is currently in progress to identify the metabolite differences in Abcb6 deficiency.
P450 Suppression in Abcb6 Deficiency Is Not Mediated by Decreased Stability of P450 mRNA Transcript-As mentioned in the last paragraph, processes that regulate the abundance of mRNA transcript in cells could involve both transcriptional and post-transcriptional mechanisms. Although the transcriptional mechanisms are thought to be mediated by regulation of the promoter activity, the post-transcriptional mechanisms are thought to be mediated by regulation of mRNA transcript stability. Thus, as a first step in exploring the molecular mechanism(s) by which the altered hepatic metabolite in Abcb6 Ϫ/Ϫ mice repress CYP expression, we first evaluated P450 mRNA stability. For this purpose, we first established the half-life of endogenous P450 mRNAs in HepG2 cells, by measuring the nascent mRNA transcript levels, following inhibition of transcriptional initiation, using actinomycin D as described under "Experimental Procedures." We found that the endogenous half-life of all the P450 mRNA transcripts tested in this study was ϳ 20 h (Fig. 8a) . We next evaluated the half-life of each of these P450 mRNAs (CYP3A4, CYP1A2, CYP2B6, and CYP2E1) in HepG2 cells cultured in the presence of either Abcb6 ϩ/ϩ or Abcb6 Ϫ/Ϫ liver extract. In these studies, HepG2 cells were preincubated with actinomycin D for 4 h, before the addition of Abcb6 ϩ/ϩ or Abcb6 Ϫ/Ϫ mouse liver extracts, to prevent transcription initiation. As seen in Fig. 8 (b-d, left panels) , we found no difference in the stability of any of the P450 mRNAs tested, when cultured in the presence of either Abcb6 ϩ/ϩ or Abcb6
mouse liver extracts. In contrast, parallel studies that were conducted to assess P450 mRNA expression, in the absence of acti- MARCH 20, 2015 • VOLUME 290 • NUMBER 12 nomycin D, continued to demonstrate decreased mRNA transcripts (Fig. 8, b-d, right panels) . Taken together, these results suggest that P450 suppression in Abcb6 deficiency is not a result of decreased stability of P450 transcript but might involve transcriptional repression.
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P450 Suppression in Abcb6 Deficiency Is Mediated via Repression of the P450
Promoter-Mechanistic studies of transcriptional repression of genes in general suggest that this process involves a complex cascade of transcription factors and other regulatory proteins that interact with specific DNA sequences generally located in the 5Ј-flanking region of genes to promote or inhibit transcription (9, 12) . Further, as shown in Fig. 4 , Abcb6 Ϫ/Ϫ mice treated with either TCPOBOP (a predominantly CAR activator) or pregnenolone 16 ␣-carbonitrile (a predominantly PXR activator) demonstrate attenuated CYP induction. Based on these observations, we hypothesized that P450 suppression in Abcb6 deficiency might be mediated by CAR and/or PXR. Thus, as a first step in exploring the molecular mechanism of transcriptional repression, by which the altered hepatic metabolites in Abcb6 Ϫ/Ϫ mice repress CYP expression, we conducted experiments using gene specific promoter-reporter plasmids, in transactivation assays to test whether suppression of CYPs in the absence of Abcb6 involved the minimal xeno-inducible 5Ј-flanking sequence of CYP genes regulated by CAR and/or PXR. For this purpose, we used a combination of human (CYP3A4 and CYP1A) and mouse (Cyp2b10) P450 promoter-reporter plasmids cloned upstream of firefly luciferase in transactivation assays to test whether transactivation of CYP3A4, CYP1A and Cyp2b10 promoters were suppressed in HepG2 cells treated with Abcb6 Ϫ/Ϫ liver extracts. In the initial set of experiments, we used 40 l of liver extract for promoter transactivation studies, because this volume was able to decrease endogenous mRNA levels in these HepG2 cells. Interestingly, we did not see suppression of the xeno-inducible regions of the promoter-reporter plasmids in response to 40 l of Abcb6 Ϫ/Ϫ liver extracts (Fig. 9 , a-c, left panels), despite decreased endogenous P450 expression in these transfected cells (Fig. 9, a-c, right panels) . On closer examination, it was realized that given the robust activation of the CYP promoter in the presence of inducers, the increased stability of luciferase, and the lack of knowledge of altered metabolite concentrations in liver extract, the assumption that 40 l of liver extract would have the same effect on CYP promoter activity as it did with the endogenous mRNA expression in the absence of inducers was probably not correct. It is quite possible that the metabolite concentrations in liver extract were probably insufficient to generate significant differences in the activity of the promoter above the signal noise in the presence of the inducers. To explore this further, we redesigned the experiments to ask the following questions: (a) Does increasing the concentration of liver extract in the promoter transactivation studies show any difference, and are these differences dose-dependent? (b) Can stable knockdown of Abcb6 alter P450 promoter activity in the absence of exogenous treatment with liver extract. As shown in Fig. 9 , we found that increasing the concentration of liver extract decreased both Cyp2b10 (Fig. 
ABCB6-dependent Regulation of CYP450
9d) and CYP3A4 (Fig. 9e) promoter activity in a dose-dependent manner. Further, we found that rifampicin-inducible CYP3A4 promoter activity was suppressed in ABCB6-deficient hepatoma cells in the absence of exogenous liver extract (Fig.  9f) . Together, these results demonstrate that one potential mechanism of decreased P450 expression in Abcb6 deficiency could involve repression of P450 promoter activity. A comprehensive study is currently under progress to identify the transcription factors that may be involved in transcriptional suppression of P450 in Abcb6 deficiency.
DISCUSSION
The expression of cytochrome P450 genes in many species is highly regulated during development, by nutritional status, and by hormonal factors, including sex steroids, glucocorticoids, growth hormone, insulin, and inflammatory cytokines (7, 40) . Although the mechanisms and consequences of regulation of P450s by drugs and chemicals have been intensively studied, relatively little is known about the mechanisms by which P450s are regulated by physiological factors (12) . We show here that endogenous homeostatic responses in Abcb6 deficiency negatively regulate CYP450 expression leading to altered xenobiotic response in both mouse and human hepatocytes. These findings indicate that Abcb6 plays an unexpectedly broad role in maintaining cellular homeostasis.
Abcb6 deficiency in mice results in a pleiotropic phenotype, suggesting incomplete penetrance of the Abcb6 genotype. This observation is relatively consistent with recent reports of growth and proliferation defects associated with loss of Abcb6 function in humans and in zebrafish (22) . Although Abcb6 is capable of transporting heme precursors into the mitochondria (17, 18) and plays a role in regulating porphyrin synthesis in vitro (17, 26) , Abcb6 deficiency in vivo did not have a significant impact on hepatic porphyrin or heme levels. This suggests that in vivo Abcb6 might not be important for basal porphyrin synthesis. These findings are consistent with recent reports that demonstrate a lack of functional association between Abcb6 and basal porphyrin synthesis in erythroid cells in vivo (18) .
In the human population, there are many incompletely understood incidences of a functional association between ABCB6 and human disease (19, 22, 51) . However, the mechanistic association between loss of ABCB6 function and the pathogenesis of the disease is not clear. In light of our data, it will be of great interest to investigate whether some of these disease pathologies could be explained by loss of expression and activity of CYP450s. For example, retinal defects leading to ocular disease in humans has a strong association with loss of CYP1B1 expression (52, 53) . A similar association in retinal defects is also seen with loss of ABCB6 expression in humans (22) . Although these results are correlative at present, they suggest a potential functional interaction between Abcb6 and Cyp1b1 in ocular disease. Studies currently underway in a zebrafish model of Abcb6 deficiency, which show strong association between Abcb6 function and ocular defects similar to those seen in humans, should help explain Cyp1b1 and Abcb6 functional association in ocular disease.
In summary, the results presented in this manuscript provide evidence suggesting a complex physiological function for Abcb6 in vivo. Although the results presented in these studies do not define the homeostatic changes in Abcb6 Ϫ/Ϫ mice that suppress Cyp450 expression, they provide compelling evidence suggesting an imbalance in endogenous metabolite homeostasis in vivo. This observation is consistent with the hypothesis ABCB6-dependent Regulation of CYP450 FIGURE 9 . CYP3A4 promoter transactivation is suppressed in Abcb6 deficiency. a-c, effect of Abcb6 Ϫ/Ϫ liver extract on CYP1A, Cyp2b10, and CYP3A4 promoter activity. HepG2 cells were transfected with xeno-inducible region of the CYP1A promoter (a), mCAR expression plasmid and the xeno-inducible region of Cyp2b10 promoter (b), and hPXR expression plasmid and the xeno-inducible region of CYP3A4 promoter (c). The transfected cells were cultured in the presence of either Abcb6 ϩ/ϩ or Abcb6 Ϫ/Ϫ liver extract and then treated with prototypical inducers 3-MC (CYP1A) (a), TCPOBOP (Cyp2b10) (b), or rifampicin (CYP3A4) (c). After 24 h, luciferase activities were determined. The data are means Ϯ S.E. of three independent experiments. *, significantly different from luciferase activity in the absence of inducers; p Ͻ 0.01. Right panels show decreased mRNA expression of CYP1A (a), CYP2B6 (b), and CYP3A4 (c) in the promoter transfected HepG2 cells treated with Abcb6 ϩ/ϩ or Abcb6 Ϫ/Ϫ liver extracts in the absence of inducers. d and e, increasing concentrations of Abcb6 Ϫ/Ϫ liver extract suppresses Cyp2b10 (d) and CYP3A4 (e) promoter activity but not their empty vector controls (right panels). HepG2 cells were cotransfected with mCAR expression plasmid and the xeno-inducible region of Cyp2b10 promoter (d) and hPXR expression plasmid and the CYP3A4 promoter (e). The cotransfected cells were then cultured in the presence of either Abcb6 ϩ/ϩ or Abcb6 Ϫ/Ϫ liver extract followed by treatment with the prototypical inducer of Cyp2b10 (TCPOBOP) (d) or CYP3A4 (rifampicin) (e). After 24 h, luciferase activity was determined. The data are means Ϯ S.E. of three independent experiments. *, significantly different from luciferase activity in the absence of inducers; p Ͻ 0.01. #, significantly reduced luciferase activity compared with cells cultured in the presence of Abcb6 ϩ/ϩ liver extract. $, significantly reduced luciferase activity compared with cells cultured in the absence of any liver extract. f, CYP3A4 promoter activity is suppressed in HepG2 cells stably transfected with Abcb6-specific shRNA. HepG2 cells stably transfected with either scrambled (control) shRNA or Abcb6-specific shRNA were cotransfected with hPXR expression plasmid and CYP3A4 promoter-reporter plasmid. The transfected cells were then treated with prototypical inducer of CYP3A4 (rifampicin). After 24 h, luciferase activity was determined. The data are means Ϯ S.E. of three independent experiments. *, significantly different from luciferase activity in the absence of inducers; p Ͻ 0.01. $, significantly different from luciferase activity from cells treated with 5 M rifampicin. &, significantly different from cells stably transfected with scrambled shRNA. Scr ShRNA, scramble shRNA; B6 ShRNA, Abcb6-specific shRNA; Rif, rifampicin.
that endogenous metabolites can activate or deactivate regulatory networks that govern homeostatic processes in vivo (7, 40) . Our current ongoing studies using Abcb6 conditional knockout mouse and the Abcb6 transgenic mice in combination with the Abcb6 knock-out mice described here should help us define the complex physiological function(s) of Abcb6 in vivo. These studies should help us understand whether the Abcb6 Ϫ/Ϫ mouse phenotype is due to (a) a pathophysiological response to stress signals, (b) an adaptive homeostatic response, or (c) part of a tightly regulated physiological pathway mediated by Abcb6. In addition, these mouse models should provide an opportunity to understand the homeostatic mechanisms that regulate CYP450 expression in vivo.
